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ABSTRACT
Among various subjective quality evaluation methodologies,
paired comparison has the advantage of improved simplicity
of the subjects' evaluation task due to simplied rating scales
and direct comparison of two stimuli. Thus, it may lead to
more reliable results when individual quality levels are di-
cult to dene, quality dierences between stimuli are small
or multiple quality factors are involved. This paper proposes
a new method to analyze results of paired comparison-based
subjective tests. By assuming that ties convey information
about signicant dierences between two stimuli being com-
pared, the condence intervals for the quality scores are esti-
mated using a maximum likelihood criterion, which enables
us to intuitively examine the signicance of quality score
dierences. We describe the complete test methodology in-
cluding the test procedure, outlier detection and score anal-
ysis applied to quality assessment of 3D images acquired us-
ing varying camera distances. Experimental results demon-
strate the usefulness of the proposed analysis method, as
well as the enhanced quality discriminability of the paired
comparison methodology in comparison to the conventional
single stimulus methodology.
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1. INTRODUCTION
Subjective multimedia quality assessment is to measure
quality of experience (QoE) of multimedia content through
subjective experiments. Its results provide knowledge about
the way that human subjects perceive quality for the type
of media considered. Such understanding can be exploited
in various applications of multimedia, e.g. determination
of content distribution strategies, development and bench-
marking of multimedia processing algorithms, and develop-
ment of objective quality metrics.
In general, it is important to utilize an appropriate test
methodology for an experiment in order to exclude unde-
sirable external factors, assess the targeted quality aspect
accurately, and ensure reproducibility of the results. For
this, there have been eorts to standardize test method-
ologies, e.g. [8]. Examples of frequently used methodolo-
gies are single stimulus and double stimulus methodologies.
However, these methodologies have been developed mainly
in the context of quality assessment for traditional 2D im-
age/video content. Thus, applying them directly to assess-
ment of new types of media such as 3D images/videos and
high dynamic range images may not be as eective as for 2D
image/video due to inherent dierences in perception mech-
anisms. Often, quality dierences between stimuli are too
small, multiple quality factors are involved simultaneously,
or individual quality levels are dicult to dene, which may
cause unreliable quality ratings by the subjects.
Paired comparison is one of the standardized test method-
ologies [8], which has potential to improve reliability of sub-
jective tests due to the simplicity of the subjects' rating
task. Instead of choosing a value on a discrete or continuous
scale as in single stimulus or double stimulus methodologies,
a subject only needs to indicate which one between a pair
of stimuli has better quality. Results of paired comparison
tests appear as winning frequencies between each pair and,
thus, an additional analysis step is required to estimate a
quality score and the corresponding condence information
for each stimulus.
In this paper, we propose a new method for analysing the
ratings of the paired comparison in order to obtain quality
scores equivalent to traditional mean opinion scores (MOS)
and, more importantly, to the corresponding condence in-
tervals. The method is based on the assumption that ties
carry information about signicant dierences of paired stim-
uli. Thereby, obtaining the condence intervals is formu-
lated as a maximum likelihood estimation problem in such
a way that the intervals increase in proportion to the number
of ties. The most important features of the proposed method
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is that it enables intuitive examination of signicant quality
score dierences.
To evaluate the proposed method, it is applied to the qual-
ity assessment of stereoscopic images acquired with varying
inter-camera distances. Although 3D content is gaining pop-
ularity as a new type of media, many people still do not
have much experience. Therefore, it is usually quite dicult
for them to understand various quality factors involved in
3D perception and distinguish between quality variations in
specic aspect under consideration. Through experiments,
it is shown that the paired comparison methodology com-
bined with the proposed analysis method can be success-
fully applied to 3D image quality evaluation and oers sev-
eral advantages in comparison to the popular single stimulus
methodology.
The rest of this paper is organized as follows. Section 2
provides a general overview of the paired comparison-based
test methodology. Section 3 focuses on the novel analysis
method to derive mean opinion scores and condence in-
tervals from the results of a paired comparison experiment.
In Section 4, the eectiveness of the proposed method is
demonstrated through a quality evaluation study for 3D im-
ages. Finally, concluding remarks are given in Section 5.
2. SIMULTANEOUS PAIREDCOMPARISON
2.1 Test procedure
The basic idea of paired comparison is to present two stim-
uli simultaneously or sequentially and to ask subjects about
their relative preferences of the stimuli. In general, a pref-
erence of stimulus A against stimulus B can be expressed
on a continuous scale, e.g. [-10, 10], or a discrete scale,
e.g. f`much better', `better', `same', `worse', and `much
worse'g [8]. In our case, however, we use a ternary scale,
i.e. f`better', `same', 'worse'g, in order to keep the subjects'
rating task as simple as possible. Note that a weighting
scheme can convert ratings done on a more subdivided scale
to equivalent ratings on the ternary scale.
Inclusion of a tie (i.e. `same') in the scale is useful for sev-
eral reasons. First, it simplies the subjects' ranting task,
especially when the quality dierence between the given two
stimuli is not easily noticeable. Moreover, if ties are not al-
lowed, subjects are forced to choose between `better' and
`worse' even when the quality dierence of two stimuli ap-
pears unclear. This may result in biased results due to (pos-
sibly non-uniform) randomness. More importantly, ties pro-
vide useful information regarding the ambiguity in quality
dierence between two stimuli, which will be exploited for
signicance analysis in our method.
During the test session, each subject is asked to observe a
pair of stimuli (A and B) and choose his/her preference be-
tween `A is better', `B is better', and `same'. Especially, we
employ simultaneous viewing by using two identical 3D dis-
plays, so that direct comparison between stimuli is possible
and the reliability of ratings is enhanced.
2.2 Outlier detection
In single or double stimulus methodologies, the reliability
of a subject is examined by comparing his/her ratings to
those of other subjects. If the individual ratings deviate too
much from the overall ratings, the subject is regarded as an
outlier and his/her ratings are not considered further.
On the other hand, a subject's reliability in paired com-
parison can be evaluated by examining only his/her individ-
ual ratings across dierent pairs. Let i > j indicate that
stimulus i is rated better than j by a subject If i > j, j > k
and k > i, a circular triad is formed, which violates the tran-
sitivity rule. If the number of circular triads is too large,
the subject is regarded as an outlier. Since a tie (noted as
i = j) is allowed in our rating scale, the following four cases
are considered as circular triads: (1) i > j, j > k and k > i,
(2) i > j, j > k and k = i, (3) i > j, j = k and k > i,
and (4) i = j, j > k, and k > i. If the ratio of the number
of circular triads among all possible triads is larger than a
threshold, the subject's ratings are discarded.
2.3 Quality score estimation
When ties are not allowed and the rating scale is binary,
ratings by M subjects for a set of stimuli appear as winning
frequencies, wij ; 8i; j 2 f1; :::; Ng, representing the number
of subjects who chose stimulus i against j. These frequencies
need to be converted to quality scores equivalent to MOS for
further quality examination and comparison.
A popular method for this is to use the Bradley-Terry
(BT) model [1] that relates the empirical winning probability
of stimulus i against j, Pij = wij=M , with their quality
scores, i and j , as:
Pij =
i
i + j
(1)
The scores i (i = 1; :::; N) satisfying i  0 and Pi i = 1
can be obtained via maximum likelihood estimation.
When ties are included in the rating scale (as in our study),
winning frequencies wij and tie frequencies tij = tji summa-
rize ratings of M subjects, where wij + wji + tij =M .
A few approaches have been proposed to accommodate
ties in the framework of the BT model. A simple solution
is to consider a tie as a half way between the other two
preference options, i.e. wij  wij+tij=2, and then to use the
original BT model [3, 5]. The approaches proposed in [2, 6]
introduced additional parameters that need to be estimated
together with i.
3. PROPOSED ANALYSIS METHOD
Unlike the aforementioned approaches accommodating ties,
the proposed method uses ties to infer the condence of con-
verted quality scores. Such condence is important in ana-
lyzing and interpreting the quality scores. A higher quality
score does not necessarily mean that the corresponding stim-
ulus has a better quality than another stimulus if the score
dierence is not statistically signicant. Therefore, con-
dence information enables us to prevent misleading judg-
ment in such a case.
In our method, it is assumed that the ambiguity of quality
dierences between two stimuli is found in ties. The two
extreme cases where the ties supposedly belong to one of the
other two preference options are used to obtain the upper
and lower bounds of the condence intervals for the quality
scores. Therefore, signicance of quality dierences between
stimuli can be easily examined by checking whether their
condence intervals overlap. In other words, the fact that
the condence intervals of two stimuli overlap implies that
the dominance of a score against the other may have been
inverted and thus the quality dierence is not signicant.
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First, the winning frequencies are used to obtain qual-
ity scores by using the BT model without considering ties.
Then, the condence interval for the score of each stimu-
lus, [i  i ; i++i ], is obtained as follows. The lower
and upper bounds of the empirical winning probability of
stimulus i, P ij and P
+
ij are obtained as
P ij = wij=M (2)
P+ij = (wij + tij)=M (3)
assuming that the ties have been the preferences of stimulus
j or i, respectively. These probabilities are related to the
new parameters  i and 
+
i as
P ij =
i   i
i   i + j ++j
(4)
P+ij =
i +
+
i
i +
+
i + j   j
(5)
A maximum likelihood criterion is used to estimate the val-
ues of  i and 
+
i where the log-likelihood function to
be maximized can be written as
L =
NX
i=1
NX
j=1
(
P ij log
 
i   i
i   i + j ++j
!
+P+ij log
 
i +
+
i
i +
+
i + j   j
!)
(6)
The aforementioned existing methods also reect uncer-
tainty in the resultant quality scores and the additional pa-
rameters in a way that their values change according to the
number of ties. However, such relationship is less intuitive to
examine signicant quality score dierences between stimuli
in comparison to our method.
4. EXPERIMENT
4.1 Task and dataset
The EPFL 3D Image Database [4] was used in our study.
It contains stereoscopic images with a resolution of 19201080
pixels covering diverse indoor and outdoor scenes with a
large variety of colors, textures and depth structures. Each
scene was captured using a stereo camera setup with six dif-
ferent inter-camera distances from 10 cm to 60 cm with a
step size of 10 cm.
The camera distance is an important parameter in acqui-
sition of stereoscopic images, which has signicantly impact
on the perceived 3D quality. A larger camera distance usu-
ally produces more 3D depth, but if it gets too large, it may
cause unnaturalness and discomfort. The optimal camera
distance depends on various factors including scene charac-
teristics as well as the display size and viewing conditions.
In our experiments, six scenes were chosen from the database,
i.e. sofa, tables, sculpture, moped, bikes, and construction.
The other scenes were used for training. All possible pairs
of each scene were considered to perform paired comparison
tests. Thus, each subject watched
 
6
2
 6 = 90 pairs.
4.2 Environment
The tests were conducted at our laboratory designed for
professional subjective quality tests according to the recom-
mendations in [8]. The room walls were painted in gray 128
and the ambient lighting is achieved through a set of neon
lamps with a color temperature of 6500 K. Two 46" LCD
polarized stereoscopic displays with a native resolution of
19201080 pixels were used to present two stimuli simulta-
neously. Each subject sat in front of the two screens at a
distance of approximately 2 m that is equivalent to 3 times
the height of the screen. The subject was allowed to turn
his/her head freely to watch the individual stimulus on each
screen alternatively.
4.3 Procedure
Sixteen subjects (12 males and 4 females) participated in
the tests. They were screened for visual acuity, color vision
and binocular vision according to [7]. All of them were non-
expert viewers with a marginal experience of 3D image and
video viewing. Their ages ranged from 25 to 36 with an
average of 29.9.
Prior to a test session, a training session was held to in-
troduce the test procedure and rating task to the subject by
using a set of training stimuli. In the middle of the test, a
short break was given to prevent the fatigue of the subject.
The method described in Section 2.2 was used to detect
outliers. Since the transitivity violation rates were less than
0.05 for all subjects, no subject was rejected as an outlier.
Quality scores and condence intervals were obtained from
the subjective ratings by using the method presented in Sec-
tion 3. The scores were logarithmically scaled for better vi-
sualization, and then normalized so that the minimum and
maximum scores for each content are 0 and 100, respectively.
4.4 Results and analysis
Figure 1 compares the results of paired comparison with
those of single stimulus reported in [4]1. In the latter case,
the MOS and 95% condence interval values are shown. For
better comparison, the results of single stimulus tests were
re-scaled to the same range as the paired comparison for
each scene.
Overall, the results of the two test methodologies show
a similar trend, i.e. the best quality for each scene is ob-
tained for small camera distances that lead to a good 3D
eect with comfortable disparity levels. As the camera dis-
tance increases, the quality decreases considerably due to
the uncomfortable amount of disparity. Content-dependence
of this trend is also observed, e.g. the construction scene
shows relatively moderate quality decrease for camera dis-
tances of 20 cm to 40 cm due to the more distant back-
ground when compared to other scenes, which appears in
both single stimulus and paired comparison results. For the
case of paired comparison, the condence intervals appear
asymmetric around the quality scores because two separate
variables were dened for the lower and upper bounds. This
enables us to easily examine the signicance of quality dif-
ference between two stimuli by checking the overlap between
the condence intervals of two stimuli.
An important advantage of paired comparison over the
single stimulus methodology is that ambiguity between stim-
uli is decreased. In [4], it was mentioned that the sub-
jects of the single stimulus tests had diculty in discrim-
inating quality dierences especially for mid-range camera
distances. However, such diculty could be alleviated by
simplifying the subjects' task through paired comparison,
1Due to the page limit, the results for only three scenes are
shown here.
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(a) sofa
(b) sculpture
(c) construction
Figure 1: Comparison of the results of the single
stimulus (left column) and paired comparison (right
column) tests.
which resulted in enhanced discriminability between stimuli
as it can be seen from the gure.
In order to compare the two methodologies in terms of dis-
criminability, pair-wise comparison results were simulated
from the quality scores of the single stimulus tests. In other
words, the scores of a subject for each pair of stimuli were
compared and, if the score dierence is larger than a thresh-
old, the one having a higher score was considered as the
winner of the comparison, otherwise, a tie was recorded. By
adjusting the threshold, we generated simulated comparison
results having the same probabilities of ties to those of the
paired comparison experiment. This procedure was repeated
for all subjects involved in the single stimulus experiment.
Then, we computed a discriminability measure dened as
the absolute dierence between the probabilities for the pref-
erence of each of two stimuli, i.e. Dij = jPij   Pjij. Table 1
compares the average values of the discriminability measure
of the single stimulus and paired comparison methodologies.
Overall, the paired comparison tests achieve higher discrim-
ination between stimuli than the single stimulus tests.
5. CONCLUSIONS
We have proposed a new analysis method for paired comparison-
based subjective quality assessment, which was applied to
3D image quality evaluation. The complete methodology
including the test procedure, outlier detection, score cal-
culation and signicant analysis was described. Exploiting
the ambiguity residing in ties, the proposed method facili-
Table 1: Average discriminability measures of single
stimulus (SS) and paired comparison (PC) for each
scene.
Method sof. tab. scu. mop. bik. con. Avg.
SS 0.75 0.69 0.63 0.69 0.73 0.71 0.70
PC 0.73 0.72 0.75 0.84 0.79 0.83 0.78
tates intuitive examination of signicant quality dierence
without any additional statistical hypothesis test. A case
study on 3D image quality evaluation demonstrated that
the paired comparison test methodology improves quality
discriminability between stimuli in comparison to the single
stimulus methodology.
It is worth mentioning that the improved discriminability
was obtained at the expense of an increased test duration
(i.e. 36 stimuli to be evaluated in a single stimulus test ver-
sus 90 stimulus pairs to be compared in a paired comparison
test). In our future work, we will work on improving e-
ciency of paired comparison. We also plan to apply the pro-
posed method to other evaluation tasks where conventional
single or double stimulus methodologies have diculty in
obtaining reliable results.
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